The hip abductor (HA) muscles play an important kinesiology role in human bipedal locomotion. [1] [2] [3] Weakness of this muscle group invariably causes a compromise in locomotor efficiency. Kendall teaches of a posturally induced myogenic weakness that often occurs in the right HA muscles of right-handed, healthy individuals. 4, 5 Kendall attributes this weakness to a pelvic posture commonly maintained during standing by right-handed individuals (Fig. 1) . The pertinent features of this posture are that the right hip assumes an adducted position (pelvic adduction) and the left hip assumes a slightly pelvic-abducted position. Clinically, this rather subtle postural asymmetry is associated with a "high" iliac crest on the right side and a "low" shoulder on the right side. This standing posture subsequently places the right HA muscles at a relatively elongated and stretched position as compared with the left HA muscles. According to the teachings of Kendall, this common standing posture results in a relative stretch weakness of the right HA muscles in otherwise healthy righthanded persons. [4] [5] [6] Kendall believes that stretch weakness results when any muscle remains in an elongated condition beyond its neutral physiologic rest position. 5 The purpose of this study was to compare the maximal isometric torque production of the right and left HA muscles, across multiple hip angles, in a group of healthy right-handed individuals. If torque asymmetry did exist between right and left HA muscles, the data were further analyzed in attempts to physiologically explain the clinical phenomenon of right HA muscle stretch weakness.
LITERATURE REVIEW
Animal experiments have demonstrated that skeletal muscle fibers add about 20% or more sarcomeres in series after three to four weeks of immobilization at elongated lengths. [7] [8] [9] Williams and Goldspink have theorized that the additional sarcomeres represent an adaptive attempt of muscle to maintain its "optimal" (ie, preexperimental) actin and myosin overlap at the muscle's new postexperimental length. 9 Their data indeed show that the elongated muscle's "resting" length (ie, the length at which the muscle generates peak tension) shifted to a longer length (Fig. 2) . Interestingly, the peak active tension produced by the elongated muscle was greater than the peak active tension produced by the control muscle.
Goldspink has shown that muscle immobilized in an elongated position experienced increases in protein synthesis, which may explain the high tensions at the longer lengths. 10 Experiments have also demonstrated that a muscle immobilized in a shortened position experienced a 40% decrease in the number of sarcomeres in series, although the average length of each sarcomere remained at an optimal, preexperimental length. [7] [8] [9] As expected, the data showed that the highest isometric tensions occurred at the length at which the muscle was immobilized, and the magnitude of these peak tensions was always less than that of the control muscle. Goldspink has shown that muscles immobilized in the shortened position experienced decreases in protein synthesis and increases in protein degradation. 10 The anatomic and physiologic changes of muscle immobilized in either the lengthened or shortened position are apparently designed for a common function (ie, to shift the resting length to a "new" functional, or experimental, length). 9 Kendall's theory that a posturally elongated muscle group, such as the right HA muscles, would show clinical weakness appears to be contrary to the experimental evidence reviewed above. Gossman et al, 11 however, reported that in some of the experiments of Williams and Goldspink, 9 the isometric tension of the elongated muscles, when tested at shorter lengths, was actually less than the tension obtained from the control muscle (Fig. 2) . These authors believe this finding may support Kendall's clinical observations of stretch weakness. 11 The argument could be made that a posturally elongated muscle group, such as the right HA muscles, would test stronger in the "position of function" (ie, pelvic adduction), but would test weaker in the shortened muscle test position of extreme hip abduction. The muscle-test position of extreme hip abduction may effectively "slacken" the right HA muscles to a greater extent that the left HA muscles, hence explaining the reports of clinical weakness on the right side. A posturally induced shift in the length-tension relationship between the right and left HA muscles may be the basis of stretch weakness. Whether the relatively small postural differences in the length of the HA muscles would result in different lengthtension (torque-angle) relationships across hip sides remains to be determined. Earlier studies measured the maximal torque output as a function of HA muscle length. [12] [13] [14] [15] No study, however, explicitly compared the isometric torqueangle relationship of the right versus left HA muscles using a wide range of hip abduction angles.
This study, therefore, was designed to compare the isometric torque-angle relationship (ie, slope) of the HA muscles, across hip sides, in healthy right-handed individuals. The postural-length differences in the HA muscles common to right-handed persons served as a model to investigate the theory of stretch weakness. Data produced by Williams and Goldspink ( Fig. 2 ) served as the underlying rationale for the expected outcome of this study. 9 We considered the right HA musculature to be analogous to the elongated muscle and the left HA musculature to be analogous to the control muscle. Based on this logic, a condition of right HA muscle stretch weakness should yield maximal isometric torque-angle curves similar to the curves depicted in Figure 2 . Specifically, the right HA muscles should show less maximal isometric abduction torque than the left HA muscles in the shortened position of 40 degrees of abduction, and the right HA should also show higher maximal isometric torque than the left HA muscles in the lengthened position of 10 degrees of adduction. That is, statistically significant differences should exist in the torqueangle slopes between the right and left HA musculature. The slopes should be nonparallel and would intersect within the tested hip angles. These results may account for Kendall's findings of right HA muscle weakness and provide insight into the underlying physiologic mechanisms of stretch weakness.
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METHOD Subjects
Forty healthy right-handed volunteers (20 men, 20 women) participated in this study. The subjects' average age was 26.5 years (s = 5.6 years), their average height was 1.7 m (s = 0.11 m), and their average weight was 65.5 kg (s = 11.5 kg). In compliance with the university's Human Subjects Review Committee, all subjects signed an informed consent form before testing. Subjects were considered healthy if free of neuromusculoskeletal abnormalities of the lower extremity and trunk that might require medical treatment. Subjects who demonstrated a leg-length discrepancy equal to or greater than 1.3 cm were excluded from the study. Subjects had to possess at least 45 degrees of passive hip abduction, as measured by standard goniometry. 16 All 40 subjects selected for this study demonstrated varying degrees of right pelvic adduction posture during standing (Fig. 1) . Eight subjects who were chosen randomly demonstrated an average lateral pelvic tilt of about 5 degrees during erect standing. This measurement was made by using an inclinometer and recording the angle formed by the subjects' transiliac crest line with the horizontal plane. Volunteers who displayed complete pelvic symmetry or left pelvic adduction posture were excluded from the study.
Instrumentation
The Iowa Force Table was modified to meet the needs of this study. 14, 17 This modification allowed the subject to remain in the same pelvic-stabilized supine position while maximal torque measurements of both HA muscle groups were obtained at each of the six 10-degree intervals of abduction (ie, -10°-40°). The torque was quantified by using the principle of static equilibrium. The internal isometric torque produced by the product of the HA muscle force times the internal moment arm was resisted by the product of the force recorded at the force transducer times the external moment arm, which was a known and constant distance (Fig. 3) .
Pilot research was required to substantiate that the center of rotation for a typical subject's hip abduction was closely coincident with the center of rotation about which the torques were measured. Two points were identified on the surface of the table that represented an estimation of the distance between the two femoral head centers for the general adult population. The points were determined by viewing 88 anterior-posterior roentgenograms and measuring the distance between the femoral heads. 18 All roentgenogram measurements were corrected for magnification error. The mean interfemoral head distance (MIHD) for the general adult population was 17.5 cm (s = 1.1). (The MIHD was not statistically different by sex; therefore, 17.5 cm was used in this study as the MIHD for both sexes.) A 17.5-cm line was drawn on the table surface, representing the average distance between the centers of hip abduction (Fig. 3) . The two ends of this line each served as one of the hip's center of rotation about which the HA muscle torques were measured. (We calculated that a maximum 2.1 % absolute error in HA muscle torque measurements would occur because of the variability expected in the subjects' actual interfemoral head distance. This error was considered insignificant in this study because stabilization devices used required that the midline of the subject's body coincide with the midpoint on the MIHD line. Any error in torque measurement, therefore, assuming bony symmetry, was constant at both hips and would not preclude adequate intrasubject torque comparisons.) Subjects' femoral heads were manually identified by a palpation method described by Johnston and Smidt. 19 This method allowed the subjects to be placed on the table with their own femoral heads coinciding closely with the two centers of hip abduction marked on the table surface. Two identical sets of radii (one for each hip), representing a fixed 30-cm external moment arm, were drawn in a frontal plane about each hip's abduction axis. Each radius within each set of radii was drawn to coincide with the six test angles (Fig. 3) . By placing the subject's mechanical segment of the femur coincident with each radius, the test angles were known and repeatable for every trial. A calibrated electronic strain-gauge force transducer* was fixed to the tabletop at, and perpendicular to, the end of each 30-cm radius. This transducer could then be moved to a different side-by-angle location as dictated by the randomization of trials. We determined the abductor torque in newton-meters by multiplying the force obtained from the calibrated transducer by 0.3 m.
Adequate trunk and pelvic stabilization ensured that 1) a constant hip abduction angle was maintained, 2) the hip * Genesco Technology Co, 650 Easy St, Simi Valley, CA 93065. RESEARCH abduction torque was actually produced by the HA musculature, and 3) the subjects' midline was as coincident as possible with the midline of the MIHD line on the tabletop. The trunk and pelvic stabilization equipment was similar in design to that described elsewhere. 14, 17 Intraday test-retest reliability experiments were performed on the torque testing apparatus using 12 subjects. Pearson product-moment correlation coefficients were .93 and .94 (averaged over the six test angles) for the right and left HA muscle torque values, respectively. All correlation coefficients were statistically different from zero (p < .0001).
Data Collection
Subjects were briefed on the general testing protocol. After the physical assessment and consent form signing, the subjects dressed in shorts and were instructed to perform 5 to 10 minutes of supervised gentle warm-up exercise, emphasizing the passive stretching of their HA and hamstring muscles.
Subjects were placed supine on the testing table so that an imaginary A-P axis through their femoral heads coincided with the center of frontal plane rotation located on the tabletop. The stabilization devices were secured, which rigidly fixed the subjects' trunk and pelvis while simultaneously allowing at least 45 degrees of passive hip abduction. Marks were made on several points on the subjects' skin with grease pencil to determine whether the subject moved out of stabilization during testing.
A small mobile skateboard was used to support the subjects' heel and maintain the limb parallel with the surface of the table. Subjects naturally assumed about 25 degrees of hip lateral (external) rotation during the isometric abduction torque efforts. Pilot research using surface electromyographic electrodes substantiated that the gluteus medius muscle was highly active when maximal isometric hip abduction was combined with 25 degrees of hip lateral rotation. The skateboard aided in maintaining a similar angle for both hips during testing. Subjects were instructed to keep their nontested leg in hip and knee extension, but could use that leg for any stabilization method they chose. Two maximal practice efforts for each leg for two randomly chosen test angles were performed before the actual data collection.
Each subject performed two trials of maximal isometric hip abduction for each of the 12 (6 angles by 2 sides) experimental positions, for a total of 24 maximal contractions. Because the critical measurement of this study was a comparison of torques between sides at equivalent angles, all within-angle trials were kept as close in time as possible. The experiment, therefore, consisted conceptually of six parts, one for each angle. A random computerized ordering of the six angles was determined for each subject. We also decided the ordering of the hip side (ie, right or left) within each angle trial by randomly assigning half the subjects to a "right-followed-byleft" group and the other half to a "left-followed-by-right" group. After the subject reached and held maximal torque, the experimenter (D.A.N.) began a three-second sampling of the voltage output from the transducer. This output was determined by monitoring a digital voltmeter. Subjects were told to isometrically contract or push against the pad (ie, abduct) as hard as they could until they heard a "beep" from the computer. One minute of rest was given between each abduction effort. This time also allowed the experimenter to store the data on a computer disk and, when necessary, to change the transducer to a different side by angle location.
Subjects were told they could repeat any trial that they believed did not represent a maximal effort. Three subjects experienced cramping during the 40-degree angle and were given extra rest and time to complete the experiment.
Force transducer analog signals were amplified and signal processed by the laboratory force amplifier with a gain of 500 and low pass filter set at 5 Hz. The analog signals produced by abduction efforts were cabled to a laboratory computer for analog-to-digital conversion and subsequent storage on computer disks. Sampling rate was set at 100 times per second. We used the force-voltage calibration curve of the force transducer to determine the torque (ie, force in newtons times 0.3 m) by knowledge of the voltage generated by the transducer.
Data Reduction and Analysis
The dependent measurement in this study was maximal isometric torque production of the hip abductor muscles in newton-meters. The independent variables of experimental interest were side (ie, right or left hip) and angle (-10°, 0°, 10°, 20°, 30°, and 40° of hip abduction). Data were analyzed to determine whether and to what extent the torque-angle slopes differed according to side.
The digitized sample points obtained from each subject's 24 side-by-angle trials were averaged by the laboratory minicomputer to obtain 12 experimental torque means (six angles by two sides) for each subject. These 12 experimental torque means were then averaged over all 40 subjects. A three-way analysis of variance (ANOVA) with a randomized multifactorial design was used to statistically analyze the data. The independent variables were the factors of subject, side, and angle, with the dependent variables being the average maximal torque magnitude during a three-second isometric contraction. The subjects' sex was not of primary experimental interest, but was added to the model to determine whether a three-way side-by-angle-by-sex interaction existed. The variable subject was used as a "blocking factor," which controlled for intersubject variability.
We also used an analysis of covariance (ANCOVA) to perform a regression analysis, which allowed a comparison of the torque-angle slope for each side. The alpha level of acceptance in all experimental tests was set at .05. Table 1 contains the descriptive statistics for the abduction torques for the variables of side, angle, and side by angle. Figure 4 graphically displays the torque sample means for the side-by-angle data. An ANOVA was performed with sex in the model as an additional variable. This analysis demonstrated a statistically significant main effect by sex (torque means for male and female subjects were 87.5 N.m and 58.0 N.m, respectively). No statistically significant three-way sideby-angle-by-sex interaction, however, was shown (p < .88). Table 2 , therefore, contains the ANOVA summary information pertinent to this study. As shown in Table 2 , we found statistically significant main effects for the variables subject, side, and angle (p < .0001). Averaged over the six angles, the Tukey's post hoc test showed that the right HA muscles produced statistically greater torque than the left HA muscles (p < .0001 of relevant comparisons. The only angles that showed statistically significant different torque means between sides were the -10-and 0-degree angles (p < .002).
RESULTS
We used an ANCOVA to perform a linear regression analysis on the torque data to determine the mathematical relationship between torque and angle for each side (Tab. 3). In this analysis, the variable angle was treated as a continuous measurement, or cOvariable. The ANCOVA demonstrated that the slopes of the lines for each side were statistically different (p < .03). We computed the best-fit slopes for the right and left sides to be - Figure 5 shows the best-fit linear relationship between predicted torque and hip angle for both hip sides.
DISCUSSION
Maximal isometric torque-angle data generated from this study were generally within the ranges reported by Olson et al 14 and Murray and Sepic 15 (Tab. 4). Our study, however, reported torques that were consistently higher than those reported by Olson et al. 14 The lower torques reported in Olson's study may have been partially due to fatigue because additional trials of concentric and eccentric contractions were also performed. The coefficients of variation (a method of normalizing standard deviations by dividing the standard deviation by the mean) shown in Table 4 were significantly lower for this study than for those of Olson et al, 14 which may add validity to the testing device and protocol used in this study.
As stated in the results section, the only angles that demonstrated statistically significant HA muscle torque differences between sides were at the elongated muscle positions of -10 and 0 degrees of abduction. The hypothesized relative weakness of the right HA musculature at the 40-degree test position was not demonstrated. Statistically significant differences, however, were shown in the HA muscle torque-angle slopes between sides. Despite the failure of the two slopes to intersect within the range of tested angles (Fig. 5) , the lines did converge toward intersection at the shorter muscle lengths. Furthermore, a mathematical extrapolation of the two linear equations generated from this study revealed that the slopes would theoretically have intersected at 52.5 degrees of hip abduction, at a torque value of 20 N.m (Fig. 6 ). According to some authors, this angle would be at or within the physiologic range of passive hip abduction. 20, 21 The differences in the HA torque-angle relationship between sides were in the same direction as the shifts in the length-tension relationships of the elongated and control animal muscles reported by Williams and Goldspink. 9 Although the animal experiments of Figure 2 demonstrated a rapid length-tension convergence at shorter muscle lengths, the intersection of these curves occurred at relatively long muscle lengths of about 90% to 95% of the maximal in vivo length of the control muscle. In this study, the intersection theoretically occurred at the extreme shortened muscle length. Despite this difference, however, an underlying similarity exists in the outcomes of the animal and human experiments. The right HA muscles generated the highest torques at the longer muscle lengths. Muscle hypertrophy has been shown to occur after elongation over time in animals. 10, 22 "Stretch hypertrophy" and subsequent higher right HA muscle torque production, therefore, was an expected finding, assuming that the right HA muscles do indeed function at a longer length than the left HA muscles. If handedness, or "footedness," were asso- ciated with the generally higher torques on the right side, the differences in right-left torques should have remained constant across the test angles. Torque differences between sides, however, progressively decreased with decreasing muscle length.
We believe these differences in the slopes of the torqueangle curves in right-handed persons to be clinically significant and may at least partially explain the clinical observations of stretch weakness of the right HA muscles. Manual muscle testing procedures test the HA muscles at the near extremes of the muscles' shortened length. 4 This factor would seem to increase the likelihood of encountering right HA muscle stretch weakness, provided the muscles were tested at a hip abduction angle greater than 52 degrees. The historical nature of muscle testing procedures may have led to a serendipitous discovery of the condition of stretch weakness of the right HA muscles. If these same stretched and weak HA muscles were tested at lengths equivalent to the length of their chronic elongation (ie, pelvic adduction), then the term stretch hypertrophy may have evolved instead of stretch weakness.
The stimulus of muscle elongation may have produced a shift in the animal length-tension curves of Figure 2 . The elongated muscle's length-tension curve shifted up the Y axis (because of hypertrophy) and to the left on the X axis (because of sarcomere number and size adaptation). This shift in length-tension relationship between muscles would explain the relatively diminished tensions produced by the elongated animal muscle when tested at shorter lengths. A posturally induced shift in the torque-angle curve of the right HA muscles to longer lengths would likewise predict higher torques at longer muscle lengths, while possibly explaining the relatively sharp decline in right HA muscle torque at short muscle lengths.
A length-induced shift in the torque-angle slopes between sides may occur in other muscles that exhibit postural musclelength imbalance. Kendall's stretch weakness observations include other muscles in addition to the right HA muscles. Figure 1 demonstrated other posturally elongated muscles common to right-handed individuals that would also be susceptible to stretch weakness. 4 These muscles include the left hip adductors, left lateral abdominals, right peroneal group, and the left angle inverter group. The adaptive shift in the length-tension curve of an elongated muscle may serve as an underlying mechanism for stretch weakness for any muscle chronically maintained at a length longer than its contralateral partner.
The shift in the HA muscle torque-angle curves generated from this study was indeed slight, but may have been commensurate with the slight differences in pelvic posturing between right and left HA muscles in the right-handed group of subjects. Clinically, it would be valuable to know what critical amount of muscle-length difference must exist between a muscle and its contralateral homologue before adaptations leading to torque-angle shifts (stretch weakness) occur. This is indeed a difficult question to answer in a population of healthy subjects whose postures, although observably different across sides, are constantly changing throughout the day. Nevertheless, an attempt was made to add insight into this question by trigonometrically analyzing published data on the biomechanical modeling of the hip musculature. 23 Results from this analysis demonstrated that right pelvic adduction posturing of about 5 degrees would theoretically result in an approximate 6% difference in the functional length between the two HA muscles. The idea that a mere 6% difference in the lengths at which a pair of muscles habitually function would lead to adaptive physiologic responses is very stimulating and clinically relevant. An animal research study has shown that muscle held passively stretched at a length of only 10% to 20% beyond resting length resulted in a retardation of protein degradation. 24 Caution must be exercised in comparing results from these animal experiments to those obtained from this human work. Nevertheless, this study suggests that a relatively small difference in the length between the HA muscles, throughout the years, may serve as an adequate stimulus to induce the physiologic muscle changes and subsequent alteration in the torque-angle curves. Clinically, muscle that remains at a length considerably longer than its natural or habitual length would be expected to demonstrate substantial shifts in the length at which greater torque would be produced. Alteration in a natural torqueangle curve of muscle, in some unknown manner, may alter the muscle's physiologic relationship with its own antagonist or with the joint cartilage its serves. 
CONCLUSIONS
This study did not demonstrate an inherent weakness of the right HA muscles in right-handed subjects. The relationship of the torque-angle slopes between hip sides, however, suggested that the relatively mild HA muscle length asymmetry was an adequate stimulus to cause similar, but smaller, muscular adaptations as those described by Williams and Goldspink. 9 The nature of the elongated immobilization scheme used in the animal experiments was obviously much more extreme than the nature of the elongated posture of the right HA musculature. Results from this study, although not overtly supporting Kendall's specific observations of right HA muscle weakness, may explain why any muscle that is chronically elongated near maximal length would show a propensity toward weakness when manually tested in the standard (ie, short muscle length) test position. A chronically elongated muscle may shift its resting length to a longer length, although clinical muscle testing techniques test for tension development at a muscle's short length. This same elongated muscle should theoretically test "strong" at the length of the chronic elongation. Clinicians should consider that the length at which a muscle is temporally immobilized (ie, through splinting or casting) should be the same length at which that particular muscle will be expected to generate its highest torques after therapeutic intervention.
Much more research is warranted in this important area of muscle adaptation and posture. Perhaps the nature of the torque-angle relationships may serve as a valuable tool in assessing posture. More data are needed on the torque-angle curves of both normal and abnormal posture, in the aged and young, so that reference data may be established.
